Abstract Degenerative instability affecting the functional spinal unit is discussed as a cause of symptoms. The value of imaging signs for assessing the resulting functional impairment is still unclear. To determine the relationship between slight degrees of degeneration and function, we performed a biomechanical study with 18 multisegmental (L2-S2) human lumbar cadaveric specimens. The multidirectional spinal deformation was measured during the continuous application of pure moments of flexion/extension, bilateral bending and rotation in a spine tester. The three flexibility parameters neutral zone, range of motion and neutral zone ratio were evaluated. Different grading systems were used: (1) anteroposterior and lateral radiographs (degenerative disk disease) (2) oblique radiographs (facet joint degeneration) (3) macroscopic and (4) microscopic evaluation. The most reliable correlation was between the grading of microscopic findings and the flexibility parameters; the imaging evaluation was not as informative.
Introduction
Low back pain related to degenerative disk disease is quite common and the relationship of pain provocation to lumbar disc deterioration was reported. Acute and chronic pain associated with clinical instability would result from a progressive degenerative disk disease and the resulting spinal disorders that lead to pathologic motion, misalignment, progressive deformity and spinal stenosis. Radiological and patho-anatomical data are of great value for planning the surgical approach and selecting the tissues that have to be removed; decompression and fusion are operative methods in widespread use [1] .
As a diagnostic tool plain radiographs in a supine position constitute the basis of initial patient evaluation [14, 16] . Signs of degenerative disk disease and osteoarthritis with a diminishing disk height and narrowing of the facet joints are frequent radiographic findings in these patients [5, 10, 20, 26] . Spondylophytes and sclerosis of the upper and lower endplates are accepted signs of established degeneration [11] . Narrowing of the lateral recesses and stenosis of the spinal canal appear visible upon CT, CT-myelographic and MRI, which has far better soft tissue resolution [2, 6, 21, 31] . With discography and MR imaging, radial and concentric tears, cystic spaces and a disruption of the annulus fibrosus can be seen [8] . Low signal intensity on T2-weighted MR imaging reflects disk degeneration, but it is less certain whether it is a reliable indicator of structural degenerative changes [21] . Disc degeneration and a high-signal-intensity zone in MRI were not helpful in the identification of symptomatic disk derangement and when severe endplate abnormalities were considered abnormal, all injected disks caused concordant pain with provocation [26] .
A pathologic movement of the intervertebral motion segment is considered to be the origin of symptoms [15, 23, 24, 28] . As defined by Panjabi, lumbar instability would imply that the spine has lost the ability to maintain its pattern of displacement under physiologic loads and thus avoid neurological deficits, incapacitating deformity and intractable pain [27] . From a biomechanical point of view, the instability of a vertebral motion segment is defined as an abnormal reaction to applied loads with an increasing range of motion (ROM). The neutral zone (NZ), the displacement between the neutral position and the initiation point of spinal resistance to physiological motion, is considered to be a better indicator of lumbar instability than the ROM [18, 19] .
Kirkaldy-Willis and Farfan [12] have proposed three functional phases of degenerative disk disease: (1) temporary dysfunction without instability (2) unstable phase (3) stabilization following ligament calcification and spondylophyte support. In early degenerative disk disease according to these phases 1 and 2 the hypothesis is stated that increasing microscopical structural deterioration causes increasing functional impairment. In the study, the flexibility parameters of unloaded multisegmental lumbar spine specimen were compared with morphological and radiological criteria.
Materials and methods
This study was an in vitro biomechanical, radiological, microscopic and macroscopic patho-anatomical investigation of 18 human lumbar fresh frozen spine specimens (average age 53.4 years) extending from the second lumbar vertebra to the second sacral vertebra. Specimens displaying changes indicative of spinal diffuse idiopathic skeletal hyperostosis (DISH), osteolysis, trauma or deformity were excluded from the present study. Fat and muscles were removed but the ligaments, the joint capsules, the nucleus pulposus and the annulus fibrosus were all preserved. With the specimen embedded with the segment L2/3 cranial and L5/S1 caudal in the universal spine tester [30] two goniometric linkage systems were fixed in L3/4 and L4/5 measured the load displacement from the 36 motion segments (L3/4 n = 18; L4/5 n = 18) under continuous application of pure moments.
An independent observer classified the radiographic degenerative changes in the functional spinal units (FSU) L3/4 and L4/5 using the rating-system I-IV of Mimura et al. [16] with changes in disk height, osteophytes and endplate sclerosis on radiographs anterior/posterior and lateral ( Table 1 ). The presence of facet joint disease was graded 1-4 with joint space narrowing, sclerosis and hypertrophy developed by Pathria et al. [20] on oblique radiographs (Table 2) .
After the biomechanical testing was completed, the L3/4 and L4/5 disks were removed with the cut surfaces parallel to the endplates. Macroscopic disk degeneration was graded A-D (Table 3) according to the criteria developed by Nachemson [17] . For the purpose of microscopic classification, the specimens were arranged in four groups a-d (Table 4) according to the findings of reactive chondrocytes, necrosis and fissures; a modified version of the general criteria put forth by Vernon-Roberts [25] was used here.
In the spine tester [30] alternating sequences of flexion/ extension (±Mx), lateral bending (±Mz) and axial rotation (±My) moments ±7.5 Nm were applied continuously by stepper motors at a constant rate of 1.7°/s. Three cycles were performed to precondition the specimen and to Table 2 Grading of facet joint disease on oblique radiographs modified according to Pathria et al. [20] Lumbar radiographs in oblique position
Grad of facet degeneration
Changes of the facet joint minimize the visco-elastic effects [18, 19] . Only the data of the third and last cycle were evaluated. The pure moment specification of 7.5 Nm was chosen to stay within the estimated failure limits of the specimens so they could be tested in multiple modes of loading [30] . It also is in the range used in many in vitro experiments on the human spine, making these results comparable with published data from human specimens [30] . The spine tester allowed the specimen to move in all six degrees of freedom while both electrogoniometric linkage systems measured the three-dimensional movements of L3/ 4 and L4/5 to a degree of accuracy of 0.1 mm and 0.1°. Load displacement curves were plotted in order to evaluate functional alteration and determine the correlation between such alterations and degenerative disk disease [16, 18] (Fig. 1) .
We analyzed the ROM, the NZ and the neutral zone ratio (NZR) for each direction of loading. The segmental intervertebral motion is characterized by a nonlinear relationship between maximum load and displacement which corresponds to a hysteresis curve [27, 30] . The NZ is a measure of laxicity for very low loads; it is defined as the difference at zero load between the angular positions corresponding to the loading phases of the test cycle [30] . The quotient of NZ and ROM is defined as the NZR [18] .
In addition, the degenerative disk disease was graded according to radiological criteria by an experienced orthopedic surgeon and according to patho-anatomical findings by a neuropathologist without prior knowledge of the flexibility parameters.
Statistical analysis
Since intra-and inter-individual variability was considerable, we computed the representative values (mean value and standard deviation) shown in the Figs. 2 and 3. Panjabi [27] , defines this as the representative ROM. To determine whether there were significant differences in the flexibility parameters between different grades of degeneration, we performed a one way ANOVA [13] . A statistically significant result using the Kruskal-Wallis test was followed by a two-tailed Wilcoxon test [29] .
Results
The morphological changes characteristic of progressive disk degeneration determined by microscopic examination were accompanied by reliable functional changes, i.e., increases in all parameters: ROM, NZ and NZR (Figs. 2, 3) .
In L4/5 the NZ, which is an indicator for instability, displayed increasing values correlating with advanced disk degeneration (Fig. 3) under the various load conditions: the values measured during flexion/extension where: 1.2°(0.8) Table 3 Classification of macroscopic patho-anatomic changes associated with disk degeneration according to Nachemson [17] Degenerative disk disease assessed by macroscopic inspection Grade of degeneration A Disks without changes visible to the naked eye. In these cases a gelatinous shiny nucleus pulposus was seen; it was easily delimited from the anulus fibrosus, which was free from macroscopic ruptures B Disks which showed macroscopic changes in the nucleus pulposus. The nucleus was somewhat more fibrous, but could be clearly distinguished from the annulus, which was intact C Specimens which showed macroscopic changes in both the nucleus pulposus and the annulus fibrosus. The nucleus in these discs was more fibrotic but still soft. The boundary between nucleus and and annulus was no longer so distinct, but could be seen. Changes in the annulus fibrosus consisted of isolated fissures D Specimens which showed more severe macroscopic changes. The disk in this group exhibited fissure formation and cavities in both the nucleus and the annulus. Marginal osteophytes were often found in adjoining vertebrae In disks with higher grades of degenerative disk disease (Fig. 3) For the two lower grades in the four different grading systems (grade I-II, grade 1-2, grade A-B, grade a-b), the application of a given moment (flexion/extension or axial rotation) provoked an increase in the ROM (P \ 0.05) and caused a higher value for the NZ (P \ 0.05); this correlates positively with the instability of the FSU encountered in cases with more pronounced degeneration (P \ 0.05).
Nevertheless, this parallelism was no longer seen in cases with more distinct degeneration visible in radiograms (grade II-III, grade 2-3); in single investigations a decrease was observed in several of the flexibility parameters measured. At higher degrees of degeneration according to the microscopic criteria (grade b-c), however, the values measured for all the flexibility parameters were still increased.
Under the load component of bending, the statistical tests employed did not reveal significant differences in the flexibility parameters for the different degeneration grades in every case.
Obvious more structural changes qualitative and quantitative correspond with higher degrees of degeneration found during microscopic examination (grade b, n = 12; grade c, n = 2) than during radiographic (grade II, n = 3; grade III, n = 2) or macroscopic (grade B, n = 2; grade C, n = 3) evaluation in L3/4 (Fig. 2) . In all the scoring systems less degeneration was detected in the L3/4 segment than in the L4/5 segment (Fig. 3) .
In the degeneration seen in our study, the nucleus loses its gel-like consistency, splits and clefts are frequently seen parallel to the endplates (Fig. 4) . Furthermore, a fragmentation of the nucleus is encountered in some cases, with clefts and fissures radiating from the center of the disk towards the periphery and extending into the annulus (Fig. 5) . Radial clefts were seen in the posterior part of the annulus; annular tears seemed to extend circumferentially. The clefts and new surfaces seen in the nucleus pulposus are the result of new cell layer formation (endothelization) on the surface of the granular tissue. Occasionally, a vascular ingrowth was detected around the margins; this was interpreted as a repair reaction. Focal chondrocytic proliferations (so called ''Brutkapseln'') and areas of cystic degeneration associated with vascular granulation tissue were frequently seen (Fig. 6 ). Some areas of necrosis were visible with cell proliferation at the borders of the necrosis (Fig. 7) .
Discussion
In our study microscopic findings in degenerative disk disease were correlated with a biomechanical functional impairment of the FSU. The ROM, the NZ and the NZR increased as the degenerative disk disease progressed. Under the load components flexion/extension and axial rotation, all statistical tests were conducted at the 95% level of significance. However, these changes were not reliably shown in radiograms. For a comparison of data from different investigations this is additional to the standardized nomenclature founded by radiological imaging in the assessment of disc abnormalities. According to the literature the prevalence of intervertebral disk calcification increases with age and extent of disk space loss. This was [4] . Another histological study from Gries et al. [7] showed no correlation between early histological changes in lumbar disks and the associated facet joints (Fig. 8) .
Our functional analysis showed that the grading of degeneration in the facet joints (in L4/5 n = 6 grade 2 and n = 6 grade 3) seemed to be a more accurate method for distinguishing between functional changes than it was on AP and lateral films (in L4/5 n = 3 grade II and n = 2 grade III) of the motion segment. In comparison we found more disks with higher degeneration according to microscopic criteria (in L4/5 n = 11 in grade b and n = 5 in grade c) than according to radiographic criteria (Fig. 3) . The dependence of microscopic findings and functional parameters seemed preferable to point out early degenerative disk disease better than radiographic based grading systems.
The application of the classification system to cadaveric and surgical specimens demonstrated a significant correlation with age and macroscopic grade of degeneration by Boss et al. [3] . In our microscopical evaluation as well degenerative disk disease increased with age and from cranial to caudal, L3/4 to L4/5. The average age of our specimens was 53.4 years. After middle life, the nuclei pulposi are solid, no larger turgescent, but dry, feel granular at palpation and are merged with the annulus. Sometimes it was not possible to ascertain where the annulus ended and the nucleus began; there was apparently an increase in collagen in the nucleus and only a small proportion of the nuclear cells were healthy. A comparison of the grading systems based on imaging criteria undertaken in our study has shown that the microscopic pathoanatomical findings are evidently the best measure of degeneration, provided that the degree of degeneration is related to and can be expressed in terms of increasing flexibility parameters.
In a study conducted by Hackney et al. [9] the most common indication for spinal magnetic resonance imaging (MRI) was found to be the evaluation for degenerative disk disease with a focus on the anatomic relationships between the disk, vertebral endplates and facet joints with the subarachnoid space, nerve roots, and spinal cord. Although MRI may be definitive for the imaging of visible findings, our study showed that the relationship established between the disk, vertebral endplates and facet joints Mimura-score [16] displayed a moderate correlation with the observed functional impairment. The correlation of radiographic and MRI parameters to morphological and biochemical assessment of intervertebral disc degeneration was shown by Benneker et al. [2] . They conclude that radiographic parameter were able to distinguish different stages of degeneration, whereas MRI could only detect advanced stages of disk degeneration. In another study Soini et al. [22] assess the relationship between disk degeneration observed in plain radiographs and in discograms. Here instability expressed as abnormal angular movement of lumbar vertebra. They concluded that discography was more sensitive than plain radiography in the diagnosis of disk degeneration. However, no correlation was found between abnormal angular movement and discogram type (Adams' classification) [22] .
The methodology of biomechanical spine studies and the concept of load and deformation have been well established [18, 19, 27] . Nevertheless, the extremely complex and non-linear stiffness properties on which such stability depends may be highly sensitive to the threedimensional movement of the FSU. One limitation of our study was the unequal number of specimen within the groups formed according to the degree of degeneration. Another was the difficulty of extrapolating the results obtained in vitro to in vivo situations because of the additional physiological factors metabolism and the muscle forces. Although the removal of soft tissue (fat and muscle) and deterioration of cadavers may have altered the mechanical function.
From the viewpoint of a mechanical analysis the comparison of different grading systems using radiographs and pathological anatomical findings showed that the functional impairment in the flexibility parameters (ROM, NZ, NZR) correlated best with a grading system based on microscopic findings. For assessing the severity of degenerative intervertebral disk disease, biomechanical studies based on microscopic grading appear to yield accurate information.
